Rodents use the vomeronasal olfactory system to acquire both inter-and intra-specific information from the external environment and take appropriate actions. For example, urinary proteins from predator species elicit avoidance in mice, while those from male mice attract female mice. In addition to urinary proteins, recent studies have highlighted the importance of lacrimal proteins for intra-specific communications in mice. However, whether the tear fluid of other species also mediates social signals remains unknown. Here, we show that a lacrimal protein in rats (predators of mice), called cystatin-related protein 1 (ratCRP1), activates the vomeronasal system of mice. This protein is specifically produced by adult male rats in a steroid hormone-dependent manner, activates the vomeronasal system of female rats, and enhances stopping behavior. When detected by mice, ratCRP1 activates the medial hypothalamic defensive circuit, resulting in decreased locomotion coupled with lowered body temperature and heart rate. Notably, ratCRP1 is recognized by multiple murine type 2 vomeronasal receptors, including Vmn2r28. CRISPR/Cas9-mediated deletion of vmn2r28 impaired both ratCRP1-induced neural activation of the hypothalamic center and decrease of locomotor activity in mice. Taken together, these data reveal the neural and molecular basis by which a tear fluid compound in rats affects the behavior of mice. Furthermore, our study reveals a case in which a single compound that mediates an intra-specific signal in a predator species also functions as an inter-specific signal in the prey species.
SUMMARY
Rodents use the vomeronasal olfactory system to acquire both inter-and intra-specific information from the external environment and take appropriate actions. For example, urinary proteins from predator species elicit avoidance in mice, while those from male mice attract female mice. In addition to urinary proteins, recent studies have highlighted the importance of lacrimal proteins for intra-specific communications in mice. However, whether the tear fluid of other species also mediates social signals remains unknown. Here, we show that a lacrimal protein in rats (predators of mice), called cystatin-related protein 1 (ratCRP1), activates the vomeronasal system of mice. This protein is specifically produced by adult male rats in a steroid hormone-dependent manner, activates the vomeronasal system of female rats, and enhances stopping behavior. When detected by mice, ratCRP1 activates the medial hypothalamic defensive circuit, resulting in decreased locomotion coupled with lowered body temperature and heart rate. Notably, ratCRP1 is recognized by multiple murine type 2 vomeronasal receptors, including Vmn2r28. CRISPR/Cas9-mediated deletion of vmn2r28 impaired both ratCRP1-induced neural activation of the hypothalamic center and decrease of locomotor activity in mice. Taken together, these data reveal the neural and molecular basis by which a tear fluid compound in rats affects the behavior of mice. Furthermore, our study reveals a case in which a single compound that mediates an intra-specific signal in a predator species also functions as an inter-specific signal in the prey species.
INTRODUCTION
Many animals depend primarily on olfaction, of the five major senses, to obtain information about their surroundings. These olfactory cues guide them to nesting areas and food, as well as warn them if predators are present. The presence of volatile odorants emitted from predators means that predators are nearby, cueing the animal to prepare for an immediate response, such as escape or battle. In contrast, when the animal sniffs and detects non-volatile or long-lasting volatile cues derived from predators, these cues suggest that the animal has entered the predator's territory or that the predator may have been present recently. Unlike visual and auditory information that only convey current information occurring within a relatively short distance, chemical signals represent both temporal and spatial information that animals can effectively use to take appropriate action [1] .
In rodents, chemical cues are detected by two distinct olfactory sensory systems: the main olfactory system and the vomeronasal system. Whereas the main olfactory system detects volatile odor cues, the vomeronasal system detects mainly non-volatile cues. The olfactory and vomeronasal systems send information first to the main and accessory olfactory bulbs, respectively, and then to the amygdala and hypothalamus in the brain, thus evoking various innate immediate behaviors (called ''releasing effects'') and endocrine or emotional changes (called ''priming effects'') [2] [3] [4] . Although volatile odor cues involved in chemical communication and their underlying mechanisms for specific behavioral output have been widely studied, the molecular bases for releasing or priming effects by non-volatile cues, such as peptides and proteins, have not.
Urine appears to be a major source of vomeronasal signals. For example, the major urinary protein (MUP) family is involved in individual recognition within the same species in rodents. Some MUPs promote aggression in male mice [5] , and one male-specific MUP attracts female mice [6] [7] [8] . Therefore, MUPs are utilized for intra-specific communication and act as protein pheromones. MUPs can also function as inter-specific signals. Rat or cat MUPs activate mouse vomeronasal sensory neurons (VSNs) and evoke avoidance behavior [9] [10] [11] . Thus, urine contains vomeronasal ligands used for intra-or inter-specific communication.
Recently, it has been revealed that secretions in facial areas, such as tear fluid and saliva, are also sources of signals. For instance, a peptide pheromone, exocrine gland-secreting peptide 1 (ESP1), is secreted into male mouse tear fluid. ESP1 is detected by a single member of the vomeronasal receptor type 2 family, V2Rp5 (also known as Vmn2r116), in mice, leading to enhanced sexual receptive behavior in female mice and aggression in male mice [12] [13] [14] [15] . In humans, tear fluid is also proposed to be a source of chemical cues that affect emotion; exposure of negative emotional tear fluid from women results in reduction of sexual arousal in receiver men [16] . Tears appear to convey intra-specific information in various animals. But the functions of tear fluid relating to inter-specific communication have never been investigated.
In this study, we hypothesized that tear fluid could also be a source of inter-specific signals. This possibility was examined by focusing on a well-accepted predator-prey model: the rat and mouse. Using an immunohistochemistry-assisted purification strategy in combination with behavioral and physiological E R i n g e r ' s ♂ r a t t e a r ♀ r a t t e a r pS6-positive cells /section experiments, we discovered a protein with previously unknown function in the tear fluid of male rats. This discovery led us to study the functions of this protein in both rats and mice, as well as the neural and molecular bases by which the mouse vomeronasal system detects this lacrimal protein of predators.
RESULTS

Purification and Identification of a Mouse Vomeronasal Ligand in Male Rat Tear Fluid
To examine whether rat tears contain substances that activate VSNs in mice, we immunolabeled the vomeronasal epithelium from a rat tear-stimulated mouse with anti-phosphorylated ribosomal protein S6 (pS6) as a marker for neural activation [17, 18] . In both male and female BALB/c mice stimulated with male rat tear fluid (containing 1000 mg of protein equivalent to 33 ml of tear fluid), pS6-positive VSNs were observed in the basal zone of the vomeronasal epithelium (male: 72 ± 6, female: 80 ± 3; mean per section ± SE) ( Figures 1A and 1B) . In contrast, a smaller number of pS6-positive VSNs were observed upon stimulation with female rat tear fluid (male: 10 ± 2, female: 9 ± 3). We next examined whether the male rat tear signal was relayed to the accessory olfactory bulb (AOB) to which VSN axons directly project by using c-Fos as a marker [12] . c-Fos-positive cells were observed in the AOB mitral/tufted cell layer of mice stimulated with male rat tear fluid (204 ± 42 per AOB) ( Figures 1C and 1D) . The c-Fos-positive cells were located in the posterior part of the AOB, suggesting that rat tear fluid activates VSNs expressing V2R-type receptors whose ligands are peptides or proteins [19] . Dose-dependent increases in the number of c-Fos-positive cells were observed with a threshold of approximately 1-10 mg of tear proteins (Figure 1E) . Together, these data demonstrate that male rat tear fluid contains peptide or protein cues that activate the mouse vomeronasal neural system.
To identify the active compound(s), we fractionated male rat tear fluid using high-performance liquid chromatography (HPLC) with a C4 reverse-phase column, and each fraction was tested for AOB c-Fos-inducing activity. The activity was eluted at 32.5-35.0 min (36.2%-37.2% acetonitrile; fraction 4 in Figure 2A ). We next applied fraction 4 to a C30 column. c-Fos-induced activity was found in the eluents at 32.0-40.0 min (36.0%-39.2% acetonitrile) (fraction e in Figure 2A ). The amino-terminal peptide sequence of fraction e was determined. A genome search of this sequence identified the active component as rat cystatin-related protein 1 (ratCRP1), a 21-kDa protein with unknown function. RatCRP1 belongs to the cystatin gene superfamily, of which some members encode for proteinase inhibitors ( Figure S1A ) [20] .
We next verified that recombinant ratCRP1 could stimulate the vomeronasal system of mice ( Figure S1B ). We observed many pS6-positive cells in the vomeronasal epithelium ( Figures  2B and 2C ). The number of pS6-positive cells (77 ± 9 per slice) was approximately the same as that observed upon stimulation with male rat tear fluid ( Figures 1B and 2C) . No pS6-positive cells were found in samples from mice stimulated with a recombinant ratCRP2 that was most closely related to ratCRP1 (92% base sequence similarity) ( Figures 2C and S1A ). Recombinant ratCRP1 also induced c-Fos expression in AOB mitral/tufted cells in a dose-dependent manner ( Figure 2D ). c-Fos induction was not observed in mice lacking transient receptor potential C2 (TRPC2), the primary signal transduction channel of VSNs ( Figures 2E and 2F) [21, 22] . Together, these results suggest that ratCRP1 is the major component of male rat tear fluid that activates mouse VSNs.
Expression and Secretion of RatCRP1
We performed reverse-transcriptase polymerase chain reaction (RT-PCR) analysis to examine the expression profile of the ratCRP1 gene. Among exocrine glands that secrete tear fluid (i.e., the extraorbital lacrimal gland [ELG] and the Hardarian gland [HG] ) and saliva (i.e., the parotid gland [PG] , the sublingual gland [SLG] , and the submaxillary gland [SMG]), ratCRP1 was expressed in ELG, PG, and SLG ( Figure 3A) . RatCRP1 was also expressed in testis and prostate, consistent with previous studies [23] . RatCRP1 expression in ELG begins 3 weeks after birth and continues to be expressed thereafter only in male rats ( Figure 3B ). Castrated 3-week-old male rats did not express ratCRP1, whereas testosterone treatment induced ratCRP1 expression in female rats ( Figure 3C ). The expression profile for ratCRP2 was similar to that of ratCRP1, whereas other cystatin family genes exhibited dissimilar expression profiles ( Figure S2 ). These results indicate that ratCRP1 is expressed in exocrine glands in a testosterone-dependent manner and thus secreted in the tears of male rats, specifically.
To estimate the amount of ratCRP1 secreted in male rat tear fluid, we produced an anti-ratCRP1 antibody and performed western blot analysis. The ratCRP1 protein was detected in ELG and male tear fluid but not in other exocrine glands or female tear fluid ( Figures 3D and 3E ). RatCRP1 was expressed in male tear fluid of various rat strains ( Figure 3F ). The amount of ratCRP1 in male rat tear fluid was estimated to be about 1/10 of total tear fluid protein ( Figure S3 ). This value is fairly consistent with the threshold difference in mitral/tufted cell activation between tear fluid proteins and ratCRP1 ( Figures 1E and 2D) . Considering that the protein concentration of male rat tear fluid is approximately 30 ± 1 mg/mL, 1 mL of tear fluid, which can be easily collected with a single pipetting from a rat eye, contains 3 mg of ratCRP1. This amount is enough to stimulate three mice. Therefore, rats secrete a fairly large amount of ratCRP1, which is transferred to their paws, legs, and fur during grooming and is eventually deposited within the rat's territory area, where mice may enter and sniff.
RatCRP1 Activates the Vomeronasal Pathway and Evokes Stopping Behavior in Female Rats
Why do only male rats substantially secrete ratCRP1 in a testosterone-dependent manner? We hypothesized that ratCRP1 may act as a pheromone that influences sexual behavior or inter-male aggression via activation of the vomeronasal system. We thus assessed whether ratCRP1 evokes c-Fos induction in the male and female rat AOB. In female rats stimulated with recombinant ratCRP1, we observed many c-Fos-positive cells in the AOB mitral/tufted cell layer (8 ± 3 per section) ( Figures 4A and 4B ). In contrast, no significant c-Fos induction was observed in the AOB of male rats (1 ± 1 per section) ( Figures 4A and 4B ). We also examined higher brain regions beyond the AOB and found that stimulation with ratCRP1 resulted in induction of c-Fos expression in the ventromedial hypothalamus (VMH) in female rats (22 ± 2 per section) ( Figures 4C and 4D ). These results suggest that ratCRP1 from male rats conveys a signal to higher vomeronasal centers of female rats.
We next examined the behavioral effects of ratCRP1 in female rats. Female rats sniffed intact male rat bedding longer than control bedding, yet addition of ratCRP1 to new bedding or the bedding of castrated male rats did not evoke interest in female rats ( Figure 4E ). Nevertheless, we noticed that 10 min after stimulation with ratCRP1 cotton, female rats often stopped moving for a while. We defined stopping as a halting posture without sniffing. The total duration of stopping was significantly increased by ratCRP1, while the duration of cotton investigation, grooming, or standing was unchanged ( Figures 4F-4J ). In typical sexual behavior, the estrus female rat comes to an abrupt haltsimilar to ratCRP1-stimulated stopping-at the end of a locomotor sequence that includes ''hopping and darting'' and usually assumes a crouching posture [24] . This facilitates mounting of the male rat, followed by the lordosis response of the female rat. We thus tested the effects of ratCRP1 in sexual behaviors of female rats. Prior exposure to ratCRP1, however, did not increase lordosis in female rats ( Figure S4 ). In summary, our data revealed that ratCRP1 produced by male rats activated the vomeronasal system of female rats and increased their stopping behavior. Table S1 .
Identification of the RatCRP1 Receptor and Generation of RatCRP1 Receptor-Deficient Mice
How does the mouse vomeronasal system detect ratCRP1? To answer this question, we aimed to identify the vomeronasal receptor(s) of ratCRP1 in mice. Vomeronasal receptors comprise two multigene families, V1R and V2R, which are encoded by 187 and 121 intact genes, respectively, in mice [25, 26] . Proteinaceous signals are detected by V2Rs. The vomeronasal organs (VNOs) of mice stimulated with ratCRP1 were analyzed by pS6 immunohistochemistry coupled with in situ hybridization (ISH) with cRNA probes that recognize various V2R clades. Of the pS6-positive neurons activated by ratCRP1, 96% co-labeled with V2Ra probe signals (a1+a2) but not with signals from other probes ( Figures 5A , 5B, S5, and S6A). Approximately 47% of V2Ra-expressing neurons were pS6-positive (Figures 5A, 5B, and S6A). Using more specific V2Ra probes, we found that pS6-positive neurons labeled with both a1 and a2 probe signals ( Figure 5C ). The a1 probe can recognize both vmn2r28 and vmn2r52 ( Figure S5 ); however, it has been suggested that vmn2r28 is more abundantly expressed in the mouse VNO [27] . We thus generated a Vmn2r28 antibody for use in a double-label immunohistochemistry assay coupled with the pS6 antibody. Over 81% of cells labeled by the Vmn2r28 antibody were pS6-positive after exposure to ratCRP1 (Figures 5D, 5E, and S6B). Vmn2r28-positive cells were pS6-positive when mice were stimulated with rat bedding or tears but not with rat saliva or urine (Figures 5E and S6B). These results indicate that Vmn2r28 is a ratCRP1 receptor in mice.
We then generated vmn2r28-deficient mice using the CRISPR/Cas9 system ( Figure S7 ) [28] . Double-label immunohistochemistry using pS6 and Vmn2r28 antibodies showed the specific loss of Vmn2r28 expression and a decrease in the number of pS6-positive cells in vmn2r28 À/À homozygous mice (Figures 5F and 5G). Notably, many pS6-positive cells still remained in the VNO of ratCRP1-activated vmn2r28-deficient mice (Figures 5F and 5G), clearly demonstrating that there are likely to be additional ratCRP1 receptors in mice.
RatCRP1 Signals Are Conveyed to the Medial Amygdala and VMH
In mice that detect ratCRP1 in the VNO, how is this information represented in the brain? To answer this question, we examined neuronal activation patterns in brain regions that received inputs from the AOB. Stimulation with ratCRP1 resulted in induction of c-Fos expression in the medial amygdala ventral part (MeAv) and VMH dorsal part (VMHd) in both male and female mice ( Figures  6A-6D ). In the VMHd, c-Fos-positive cells overlapped with neurons expressing steroidogenic factor 1 (SF1), an orphan nuclear receptor gene that is known to be a genetic marker of VMHd neurons (85 ± 5% in male and 92 ± 1% in female mice) ( Figures 6B and 6D) . We also investigated the c-Fos expression pattern in the VMHd of vmn2r28-deficient mice. Whereas an increase in SF1-positive, c-Fos-positive cells was observed in the VMHd of ratCRP1-stimulated vmn2r28-heterozygous male mice, no such increase was observed in vmn2r28-deficient mice ( Figures 6E and 6F ). These data suggest that ratCRP1-mediated activation of SF1-expressing neurons requires functional Vmn2r28 receptors. Since SF1-expressing neurons have been indicated to be involved in defensive behaviors [29] [30] [31] , it is reasonable to speculate that ratCRP1 is a predator signal for mice.
Since SF1-expressing neurons have been shown to be activated by various predator cues, we analyzed the neural representation of ratCRP1 using cellar compartment analysis of temporal activity by fluorescence ISH (catFISH), with snake skin acting as a reference [32] . Unidentified compounds in snake skin activate mouse V2Rs and induce risk assessment behaviors in a manner that is dependent on a functional VNO [9, 10] . We found that less than 20% of ratCRP1-activated neurons are coincident with snake skin-activated neurons ( Figures 6G  and 6H ), suggesting that a unique subpopulation of SF1-expressing neurons is activated by ratCRP1.
RatCRP1 Does Not Induce Immediate Avoidance or Aggressive Behaviors in Mice
What are the behavioral or physiological responses of mice to ratCRP1? Some predator signals are known to evoke immediate responses, such as avoidance or risk assessment behaviors [10, 33, 34] . Thus, we first performed avoidance and risk assessment tests [10, 35] using samples of cat fur, snake skin, rat urine, ratCRP1, or a ratCRP1/rat urine mixture. Each sample was deposited in one area (zone A) of a plastic box with three compartments, and male mice were placed in another area of the box (zone B). We measured the time each mouse stayed in each zone and tallied the risk assessment behaviors observed in a 5-min period immediately after encountering the stimuli. Mice showed significant avoidance behavior toward snake skin and a trend toward avoidance of cat fur, rat urine, and the ratCRP1/rat urine mixture ( Figure 7A ). No avoidance behavior was observed toward ratCRP1 ( Figure 7A ). Snake skin and cat fur induced a transient risk assessment behavior in mice, whereas ratCRP1 did not ( Figure 7B ). The result is consistent with the presence of neural populations dedicated to ratCRP1 and snake skin processing ( Figures 6G and 6H) . We also performed the aggressive biting test [36] . Although male BALB/c mice stimulated with soiled rat bedding tended to exhibit aggressive biting behavior, ratCRP1 did not induce aggressive biting ( Figure 7C ). These data suggest that ratCRP1 does not induce defensive behaviors, such as avoidance or aggressive biting, that are evoked by other predator cues. 
RatCRP1 Reduces Cotton Investigation Time and Locomotor Activity in Mice
We next hypothesized that ratCRP1 does not evoke immediate behaviors, but rather evokes relatively long-lasting, priming effects in mice. We first observed the behaviors of mice when they were touched or bit or sniffed cotton to which ratCRP1 was applied. We found that the time that mice spent investigating ratCRP1-soaked cotton was significantly less than that spent investigating untreated cotton ( Figure 7D ), which is in contrast to our observation that female rats tended to investigate ratCRP1-soaked cotton longer than untreated cotton ( Figure 4F ). We also found that the stopping time of mice stimulated with ratCRP1 was significantly longer than that of control mice (Figures 7E).
We then performed the open-field test using male BALB/c mice [29] . 5 min after stimulation with ratCRP1, mice were transferred to an open arena, and their movement was monitored for 30 min. Mice stimulated with ratCRP1, but not ratCRP2, showed reductions in total distance moved, movement duration, and time spent in the center zone ( Figure 7F ). Similar results were obtained for female BALB/c mice exposed to ratCRP1. Male rat tear fluid elicited similar effects, although not as dramatic as those in response to purified ratCRP1 ( Figure 7F ). This decreased locomotion lasted for at least 30 min ( Figure 7F ). These data show that ratCRP1 reduces exploratory behavior and decreases locomotor activity in mice.
To further assess the physiological changes that occur in ratCRP1-exposed mice, we conducted telemetry tests that measured changes in body temperature and heart rate [37] . A telemeter was implanted in the back of each mouse, and the effects of ratCRP1 exposure were examined. Both body temperature and (G) Representative images of catFISH analysis in the VMH. Magenta, Nr4a1 intron probe; green, Nr4a1 coding probe; blue, DAPI nuclear counterstaining. Insets show high-magnification image of the boxes. CRP1-CRP1, animals exposed to CRP1 followed by CRP1; CRP1-Snake, animals exposed to CRP1 followed by snake skin. Scale, 100 mm. (H) Quantification of the catFISH analysis. A index is defined as the ratio of dually labeled cells to nuclear dot-positive cells. None-Snake, animals exposed to no stimulation followed by snake skin. ANOVA followed by Bonferroni's post hoc test. ***p < 0.001. (Mean ± SE, n = 4-5). (legend continued on next page) heart rate were lower than in control mice for more than 1 hr after stimulation with ratCRP1 ( Figure 7G ). Moreover, ratCRP1-exposed mice tended to exhibit less locomotor activity ( Figure 7G ), consistent with results from the open-field test. These behavioral and physiological results indicate that ratCRP1 induces priming effects characterized by lower activity levels in mice. Finally, we investigated the behavioral phenotypes of vmn2r28-deficient mice. Whereas vmn2r28-heterozygous control mice still showed ratCRP1-induced reductions in cotton investigation time, total distance moved, and movement duration, vmn2r28-deficient mice did not ( Figures 7H and 7I) . These results provide strong evidence that the single vomeronasal receptor, Vmn2r28, is necessary for rat tear fluid-derived ratCRP1 to induce decreased locomotor activity in mice.
DISCUSSION
Using multiple HPLC purifications and immunohistochemical markers of neural activity, we identified a protein, ratCRP1, with previously unknown function in the tears of male rats, which is a novel stimulant that activates the mouse VNO. RatCRP1 also activated the vomeronasal pathway and induced stopping behavior in female rats. In mice, the ratCRP1 signal was received by multiple type 2 vomeronasal receptors, including Vmn2r28, and processed in the amygdala-hypothalamic circuitry to decrease locomotor activity. Thus, our study revealed a case in which a single compound that mediated an intra-specific signal in a predator species (rat) also functioned as an interspecific signal in the prey species (mouse). Furthermore, the current study establishes that not only urinary, but also lacrimal, proteins can mediate predator-to-prey inter-specific chemosensory signals.
RatCRP1 is a member of the cystatin superfamily that comprises a group of broadly expressed protease inhibitors. The cystatin superfamily consists of three families [38, 39] . The family 2 proteins can be further divided into subgroups: the testatin, CRES (cystatin-related epididymal spermatogenic), and CRP (to which ratCRP1 belongs) subfamilies ( Figure S1A ). The CRP subfamily proteins have a cysteine protease inhibitor domain but lack critical consensus sequences that are important for cysteine protease inhibition activity. Therefore, the function of the CRP family has not been fully elucidated. In this study, we found that ratCRP1 secreted in male rat tear fluid was used by female rats and mice as a chemosensory signal. How this specific protein of the cystatin family has evolved to function as an intra-and inter-specific cue is an interesting open question.
RatCRP1 activated the VMHd in both female rats and mice and induced similar reductions in locomotor activity, characterized as stopping behaviors, in both species. In mice, reduction of locomotion by ratCRP1 was also observed in the open field test and telemetry assay. These observations suggest that the primary behavioral output of ratCRP1 is similar between female rats and mice. Although the reason that ratCRP1 stimulation would induce decreased locomotion in natural situations is unclear, female rats and mice might use this signal in different contexts. For example, ratCRP1 stimulation could allow female rats to linger in the territory of male rats, whereas it could prompt mice to be quiet to not be noticed by predators. Consistent with this idea, reactions to ratCRP1 differed between female rats and mice in the cotton investigation assay: female rats tended to investigate the ratCRP1-soaked cotton longer than the control cotton, whereas mice spent significantly shorter times investigating the ratCRP1-soaked cotton.
Lastly, we found that ratCRP1 activates two or more members of the V2R family in mice, ruling out a strict ''one-ligand-to-one-V2R'' relationship, which was observed in the case of ESP1 [12] . Regardless of the multiple receptors for ratCRP1, loss of function of vmn2r28 alone significantly impaired neural activation of the hypothalamus and behavioral outputs evoked by ratCRP1. These data suggest that the function of ratCRP1 is mediated by Vmn2r28 alone or by combinations of V2Rs that include Vmn2r28. It is also possible that the multiple V2Rs that recognize ratCRP1 mediate distinct aspects of ratCRP1 functions in mice; for example, Vmn2r28 is necessary for decreased locomotion, and other unidentified receptors may mediate the fear-like state characterized by decreased time spent in the center area in the open-field assay. In the case of volatile predator signals detected by the main olfactory system, multiple odorant receptors seem to mediate distinct aspects of the fear response, such as immobilization and hormonal responses, in mice [40, 41] . Notably, it has been reported that at least seven V2Rs from different subfamilies among the 121 murine V2Rs are involved in detection of rat signals present in soiled bedding that likely include a urinary protein ratMUP13 that elicits defensive and avoidance behaviors in mice [9, 10] . Future studies will be needed to elucidate the encoding of rat-derived vomeronasal signals for distinct behavioral impacts.
In summary, our study revealed the neural and molecular basis by which the tear fluid of rats affects the behavior of mice. The identification of a single lacrimal compound that mediates intraand inter-specific signals opens a new avenue to study how mammals have evolved the use of heterospecific semiochemical signals. 
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incision along the center of each scrotal sac. To generate ovariectomized female rats, ovaries were removed from the dorsal side of the rat. After surgery, the incised skin was sutured closed. Rats received subcutaneous injections of either Testosterone Propionate (Nacalai Tesque, Japan) dissolved in peanut oil or peanut oil alone at a rate of 60 mg/day/rat for 2 weeks.
Stimulation
Tear fluid, saliva, urine, or recombinant ratCRP1 were diluted in Ringer's solution, and 45-60 mg of a cotton swab was soaked with the solution, dried using a SpeedVac (Thermo Fisher Scientific, USA), and placed on the bedding.
Prior to the experiment, mice that were at least 8 weeks old were individually housed for at least two days. For VNO immunohistochemistry and brain ISH, mice were exposed to each stimulus for 25 or 45 min. For AOB immunohistochemistry, mice were exposed to each stimulus for 90 min. Mice were sacrificed and perfused with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (or in DEPC-treated PBS for ISH). Tissues were post-fixed with 4% PFA in PBS for 3-15 h. VNO samples were further treated with 0.5 M EDTA for at least 36 h. VNO and brain samples were treated with 30% sucrose in PBS (or in DEPC-treated PBS for ISH) for at least 12 h and embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek, USA). Fifteen-mm cryosections of the VNO, 25-mm cryosections of the AOB, and 30-mm cryosections of the brain were generated using a cryostat (Leica Biosystems, Germany).
Immunohistochemistry
Fifteen-mm cryosections of the VNO were collected and mounted on an MAS-coated glass slide (Matsunami Glass Ind. Ltd, Japan). Slides were washed with PBS containing 0.2% Triton X-100 (PBST) for 15 min and then with PBS for 15 min. After blocking with 0.8% blocking regent (DS Pharma Biomedical, Japan) for 30 min at room temperature (RT), sections were incubated with pS6 Ribosomal Protein (S235/236) rabbit antibody (Cell Signaling Technology, Japan, Cat# 4856S; 1:200 in 0.4% blocking regent) overnight at 4 C. For double-label immunohistochemistry, sections were also incubated with the Vmn2r28 guinea pig antibody (amino acids 837-852: RPERNSIKKIREKSHF; SCRUM, Japan; 1:200 in 0.4% blocking regent). The next day, sections were washed three times with PBST for 10 min and treated with goat anti-rabbit IgG Alexa 488 secondary antibody (Life Technologies, USA, Cat# A11034; 1:200 in 0.4% blocking regent) for single-label immunohistochemistry or with goat anti-rabbit IgG Cy3 (Life Technologies, USA, Cat# A10520; 1:300 in 0.4% blocking regent) and goat anti-guinea pig IgG Alexa 488 (Life Technologies, USA, Cat# A11073; 1:400 in 0.4% blocking regent) secondary antibodies for double-label immunohistochemistry for 1 h at RT. Sections were washed two times with PBST for 10 min and once with PBS. Sections were mounted with cover glass using PermaFluor (Thermo Fisher Scientific, ISA). Twentyfive-mm cryosections of the AOB were collected and mounted on an MAS-coated glass slide (Matsunami Glass Ind. Ltd, Japan). Slides were washed once with TBS containing 0.1% Triton X-100 for 5 min. Sections were fixed with 4% PFA in PBS for 20 min and washed three times with TBS+Triton X-100 for 5 min. Sections were treated with 0.3% H 2 O 2 in TBS+Triton X-100 for 30 min, followed by incubation with a blocking regent that included 3% bovine serum albumin (Sigma-Aldrich, USA) in TBS+Triton X-100 at RT. Sections were incubated with anti-c-Fos rabbit antibody (Ab-5, EMD Millipore, USA, Cat# PC38; 1:8000 in blocking regent) overnight at 4 C. The next day, sections were washed three times with TBS+Triton X-100 for 5 min, followed by incubation with biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, USA, Cat# BA1000; 1:200 in blocking regent) for 1 h at RT. Sections were washed three times with TBS+Triton X-100 for 5 min, followed by incubation with Vectastain ABC-HRP amplification kit (Vector Laboratories, USA) for 1 h and washed three times with TBS+Triton X-100. Sections were stained with SIGMAFAST 3,3 0 -diaminobenzidine tablets (Sigma-Aldrich, USA), and then washed two times with TBS+Triton X-100 for 10 min and once with ultrapure Milli-Q water. Sections were mounted with cover glass using Mount Quick mounting media (Daido Sangyo, Japan). All sections were imaged with an Olympus BX51 microscope, and images were processed in Adobe Photoshop CS2 or CS3 (Adobe Systems, USA).
ISH and immunohistochemistry in the VNO
The GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) predicted 125 V2R genes. These genes were classified into 14 clades, and cRNA probes designed to recognize each clade were produced. Specific primers were designed from the lowest homologous region of the V2Rs, and they were expected to recognize 125 V2R genes. Details of V2R classification and sequences of each V2R probe are available upon request. RT-PCR resulted in amplification of V2R genes from the VNO. These different V2R complementary DNA sequences (each of which was around 800 bp in length, including exon 2-4) were used to generate antisense digoxigenin (Dig)-labeled RNA probes. For the V2Ra group, the homology between each probe and gene is shown in Figure S5 (Vmn2r28 Genbank NM_001081405.1). Template DNA was amplified by PCR, purified using PCR Clean-Up System (Promega, USA), and underwent in vitro transcription with the DIG RNA labeling mix (Sigma-Aldrich, USA, Cat# 11277073910) according to manufacturer instructions (Roche Applied Science, USA). After RQ1 RNase-Free DNase (Promega, USA) treatment for 3 min at 37 C, the RNA probe was purified by ethanol precipitation. Fifteen-mm coronal sections were fixed with 4% PFA in PBS for 10 min, washed 3 times with PBS for 5 min, treated with 10 mg/ml of protease K (Takara, Cat# 9034) in 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA (pH 8.0) for 5 min at 55 C, fixed with 4% PFA in PBS for 10 min, and washed three times with PBS for 5 min. This was followed by acetylation with 0.25% acetic anhydride in 1.3% triethanolamine and 0.25% HCl for 10 min. After three washes with PBS for 5 min each, the slides were prehybridized with hybridization buffer (50% formamide [Sigma-Aldrich, USA, Cat# F9037], 25% 20 3 SSC, 10% 50 3 Denhardt's solution, 5% herring sperm DNA, 5% tRNA, 5% DEPC-treated ddH 2 O).
RNA probe mixes (50 ng/ml) were diluted 1:100 in hybridization buffer, mixed well, preheated at 95 C for 3 min, and immediately cooled down on ice. 100 mL of probe containing hybridization buffer was applied to each slide and covered with parafilm. After 16 h of incubation at 60 C in a humid chamber, the sections were washed with 0.2 3 SSC twice for 20 min at 60 C, washed with TBS containing 0.1% Tween20 (TBST) for 10 min. After blocking for 45 min with 0.5% blocking buffer (blocking reagent [Perkin-Elmer, USA] in TBS), sections were incubated with horseradish peroxidase (HRP)-conjugated anti-Dig antibody (Roche Applied Science, USA, Cat# 11207733910; 1:250 in blocking buffer) overnight at 4 C. The sections were washed three times with TBST for 10 min and treated with the TSA Plus Cy3 detection kit (PerkinElmer, USA, Cat# NEL744001KT; 1:50 in 1 3 Plus Amplification Diluent) at RT. After washing three times with TBST for 5 min, the sections were incubated with pS6 antibody (Cell Signaling Technology, Japan, Cat# 4856S; 1:200 in blocking buffer) overnight at 4 C. On the third day, sections were washed three times with TBST for 10 min and treated with secondary antibody. They were then washed three times with TBST for 10 min and mounted with cover glass using Fluoromount (Diagnostic BioSystems, USA, Cat# K024). All sections were imaged with an Olympus BX51 microscope, and images were processed in Adobe Photoshop CS2 or CS3 (Adobe Systems, USA).
ISH of brain sections
Fluorescent dual-color ISH was performed as described previously [32] . Briefly, SF1, c-Fos and rat-c-Fos coding cRNA probes were produced by in vitro transcription with template DNA obtained by PCR. Primer sets used in the present study are listed below:
In the present study, DIG-labeled SF1 probes, Flu-labeled c-Fos probes, and DIG-labeled rat-c-Fos probes were generated, and two independent RNA probes for the same gene were mixed together. Twenty-five-mm cryosections of the AOB and 30-mm coronal sections containing the medial amygdala and VMH were washed with PBS, treated with 10 mg/ml of protease K (Thermo Fisher Scientific, USA, Cat# 25530049), fixed with 4% PFA in PBS, and acetylated with 0.25% acetic anhydride. RNA probe mixes (50-100 ng/ml) were diluted 1:100 in hybridization buffer. After 16 h of incubation at 60 C, the sections were washed with a 2 3 SSC-50% formamide solution, then with 2 3 SSC, and finally with 0. C, and c-Fos-positive cells were labeled with the TSA Plus Cy3 (PerkinElmer, USA, Cat# NEL744001KT; 1:70 in 1 3 Plus Amplification Diluent)). Sections were counterstained with 50 ng/ml 4',6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich, USA, Cat# D8417) and mounted with cover glass using Fluoromount (Diagnostic BioSystems, USA, Cat# K024). Sections were imaged using a Olympus BX53 microscope (10 3 objective) equipped with an ORCA-R2-cooled CCD camera (Hamamatsu Photonics, Japan). Images were processed in ImageJ and Adobe Photoshop CS2 or CS3 (Adobe Systems, USA).
For catFISH analysis ( Figure 6G ), coding (Flu-labeled) and intron (DIG-labeled) probes of an immediate early gene Nr4a1 were generated as previously described [32] . Dual-color ISH of VMH sections was performed as described above.
Cell counts
To quantify the number of pS6-positive and V2R-positive VSNs, pS6 and V2R ISH and immunohistochemistry were performed on 15-mm thick VNO sections collected along the rostral-caudal axis. We counted the number of pS6-positive cells and V2R-positive cells in six sections from each mouse. To quantify the number of c-Fos-positive AOB neurons, c-Fos immunohistochemistry and c-Fos ISH were performed on 25-mm thick AOB sections collected along the medio-lateral axis. We counted the number of c-Fos-expressing cells in the mitral/tufted cell layer of the entire section or in five sections of the AOB. To quantify the number of RT-PCR analysis of ratCRP family genes Ten-week-old Brown Norway rats were sacrificed, and their lacrimal glands and tissues were collected. Total RNA was prepared with TRIzol reagent (Invitrogen, USA). One mg of DNaseI-treated RNA isolated from each tissue was used to prepare oligo (dT) adaptorprimed cDNAs with SuperScript III (Invitrogen, USA) according to the manufacturer's protocol. Amplification was carried out with gene-specific primers for 33 cycles at 94 C for 30 s, 50 C for 30 s, and 72 C for 30 s. See Table S1 for the sequences of primers used in this study.
Phylogenetic tree construction
First, a BALSTP search with an E value of 0.01 was conducted against the whole rat and mouse genomes using the ratCRP1 amino acid sequence as a query. Further BLASTP searches were conducted by using matched sequences, and these procedures were repeated until no new sequences were found. Multiple alignments of translated amino acid sequences were made by the MAFFT ver. 7 program (https://mafft.cbrc.jp/alignment/software/). A neighbor-joining tree was constructed with Poisson correction distance using the MEGA5.2 program (http://www.personal.psu.edu/nxm2/software.htm).
Generation of the vmn2r28-deficient mouse To generate the null mutant of vmn2r28, we designed two guide RNAs (gRNAs) to introduce double strand breaks flanking exon 6, in which the essential transmembrane domain is encoded. Cas9 mRNA was prepared, as has been previously described [42] . Briefly, pMLM3613 (Addgene, USA, Cat# 42251) was digested with PmeI and purified with ethanol precipitation. In vitro transcription was performed using the mMESSAGE mMACHINE T7 ULTRA Transcription Kit (ThermoFisher Scientific, USA, Cat# AM1345) in accordance with the manufacturer's instructions. The amount and purity of synthesized mRNA was tested using electrophoresis with a 1% agarose gel. To design the gRNA, we first searched for 20 bp target sequences upstream of the protospacer adjacent motif using CRISPRdirect (http://crispr.dbcls.jp/). We then selected a target sequence that had > 50% CG content and was completely unique in the mouse genome (confirmed by GGGenome at http://gggenome.dbcls.jp/ja/mm10/2/). The selected sequence was then introduced into the BsaI-digested pDR274 vector (Addgene, USA, Cat# 42250) using the following oligo-DNAs:
After validating the sequence, the pDR274 vector with the inserted target DNA sequence was digested with DraI, and in vitro transcription of gRNA was performed using the MEGAshortscript T7 Transcription Kit (ThemoFisher Scientific, USA, Cat# AM1354) in accordance with the manufacturer's instructions. The synthesized gRNA was purified using the MEGAclear Transcription Clean-Up Kit (ThemoFisher Scientific, USA, Cat# AM1908). The amount and purity of the synthesized gRNA was tested using electrophoresis with a 1% agarose gel. A mixture of 20 ng/ml of two gRNAs and 50 ng/ml of Cas9 mRNA was injected into BALB/c fertilized eggs to generate the knockout mice. The genotypes of the mutant mice were determined by PCR using the following pairs of oligoDNAs. Amplification was carried out with gene-specific primers for 32 cycles at 94 C for 30 s, 60 C for 30 s, and 72 C for 60 s. 
Preference test
Prior to the start of experimental testing, 8-week-old Wistar female rats were individually housed for 4 days and handled every day. Preference was examined using an acrylic box with two bowls (6.5 cm 3 12.5 cm 3 4 cm) containing freely accessible new bedding (3 g), soiled bedding (3 g) of a male Brown Norway rat, new bedding (3 g) with ratCRP1 (100 mg), or castrated male Brown Norway rat bedding (3 g) with ratCRP1 (100 mg). The time spent investigating the bowls (the animal's nose had to be in direct contact with the bedding) was measured during the 20-min test periods.
Cotton investigation assay
For the cotton investigation assay in rats, 10-week-old Wistar Imamichi female rats were ovariectomized under anesthesia and recovered for 2 weeks under a 12-hour dark/light cycle. Four days before the cotton investigation assay was conducted, rats were cervically injected with 17b-estradiol and individually housed until the start of the test. 17b-estradiol injections were also conducted 3 and 2 days before the start of testing. The test was conducted 6-12 h after the start of the light phase. In the test, rats were given cotton soaked with 50 mg ratCRP1 or 300 mL Ringer's solution (control solution). We measured the cotton investigation time, stopping time, grooming time, and standing time within a 10-min period that started when the animal first touched the cotton. The behavior was recorded for 10 min using a video camera (Canon, Japan).
For the cotton investigation assay in mice, before the start of testing, 8-week-old mice were maintained under a 12-hour dark/light cycle for over 1 week and individually housed for 2-3 days. The test was conducted 6-12 hours after the start of the light phase. In the test, mice were given cotton soaked with 50 mg ratCRP1 or 300 mL Ringer's solution (control solution). We measured the cotton investigation time and stopping time within a 5-min period starting from the animal's first touch of the cotton. The behavior was recorded for 5 min using a video camera (Canon, Japan).
Lordosis behavior test
Eight-week-old Wistar female rats were ovariectomized under anesthesia and recovered for 2 weeks under a 12-hour dark/light cycle. Four days before the lordosis test, rats were cervically injected with 17b-estradiol and individually housed until testing. 17b-estradiol injection was also conducted 3 and 2 days before the start of testing. On the test day, positive control rats were cervically injected with progesterone 4 hours before the start of testing.
Lordosis was induced by manual cutaneous stimulation of the flanks followed by pressure on the rump-tail base-perineum region. Lordosis reflex responses were rated using a previously described scale [43] . The strength was rated from 0 (no response) to 3 (strongest possible reflex). Stimulus applications were in blocks of five, and an average of five ratings is referred to as the mean lordosis reflex score.
Avoidance behavior and risk assessment tests
Tests were performed using a mouse cage (300 mm 3 180 mm 3 120 mm) consisting of three compartments: zone A (with stimulant), zone B (without stimulant; 66 mm 3 180 mm), and a third zone (168 mm 3 180 mm). The amounts of each stimulant were as follows: new bedding, 3 g; cat fur (Felis catus): 0.5 g; snake skin (Elaphe climacophora, Japan Snake Center, Japan): 0.05-0.3 g; rat urine (Sprague-Dawley rat): 3 g new bedding coated with 750-1500 ml; rat urine + ratCRP1: 3 g new bedding coated with 750-1500 mL rat urine and 300 mg ratCRP1; ratCRP1: 3 g new bedding coated with 300 mg ratCRP1. Male C57BL/6 mice were individually housed for 2-3 days. Tests were conducted during the first four hours of the dark phase. Each mouse was habituated for 10 min before each test. During each subsequent 5-min test, the amount of time mice spent in each zone was measured. Behaviors were recorded for 10 min using a video camera (Canon, Japan). After the test, behavior video files were analyzed by an observer. Risk assessment behaviors during the 5-min session were also counted. We defined a flat-back and stretch-attend posture as one risk assessment behavior.
Aggressive biting test
Tests were performed using the Aggression Response Meter (Muromachi, Japan). Male BALB/c mice were individually housed for 2-3 days. The test was conducted 3-11 h after the start of the light phase. Mice were exposed to each stimulant in a home cage for 30 min. The amount of each stimulant used was as follows: Ringer's: cotton soaked with 300 mL Ringer's solution; snake skin: 0.1 g snake skin; rat bedding: 6-10 g rat bedding; ratCRP1: cotton soaked with 100 mg ratCRP1. Next, mice were placed in a transparent, acrylic, cylindrical animal chamber and habituated for 30-60 s. The test consisted of two sessions. The first session was carried out to provoke the mouse and induce irritation/anger by touching the hindlimb or abdomen with a stick. This touch stimulation was repeated 30 times in the first session (5-min period), and the intensity of aggressive biting was measured. Sticks were used to touch the area around the mandible and/or whiskers or to approach the face without touching it directly. The stimulation was performed 30 times in the second session (5-min period), and the average intensity of biting was recorded.
Open-field test
Prior to the start of experimental testing, 8-week-old BALB/c male and female mice were maintained under a reverse light cycle for over 1 week and individually housed for 2-3 days. The test was conducted 6-12 h after the beginning of the light phase. In the test, mice were given cotton soaked with 50 mg of ratCRP1, 50 mg of ratCRP2, 1000 mg of rat tears, or 300 mL of Ringer's solution. After investigating the cotton for 5 min, mice were transferred to a 40 cm 3 40 cm open-field cage, and behavior was recorded for 30 min using a video camera (Canon, Japan). Cages were cleaned with 70% ethanol and water applied sequentially after each trial. After the test, behavior video files were analyzed using ImageJ. Locomotor activity was assessed by the total distance and total movement duration in the open-field. The time spent in the center zone of the open-field (defined as the central 20 cm 3 20 cm area) was also measured.
Telemetry
A telemetric electrocardiogram transmitter (TA10ETA-F20, Data Sciences International, St. Paul, MN, USA) was surgically implanted under anesthesia in the cervical subcutaneous region of 10-week-old male BALB/c mice. The paired wire electrodes, in a precordial bipolar lead (Apex-Base lead), were secured subcutaneously. The parameters measured were body temperature, heart rate, and locomotor activity. Locomotor activity was measured as the number of times the mouse crossed the grids of a signal receiving board (RPC-1, Data Sciences International St. Paul, MN, USA) during a 1-min period. Animals were allowed to recover and habituate to recording conditions for 10 days prior to the start of the experiment. The tests were conducted in the light phase. Baseline body temperature, heart rate, and locomotor activity were recorded during a 60-min free movement phase. Five min after the start of the test, the following stimuli were introduced to the mice: Ringer's, cotton soaked with 300 mL Ringer's solution; ratCRP1, cotton soaked with 100 mg ratCRP1. Individually caged mice were placed on a signal-receiving board and housed in a light-and temperaturecontrolled chamber. Body temperature, heart rate, and locomotor activity were also recorded continuously every 5 min with Dataquest A.R.T. 4.1 software (Data Sciences International, St. Paul, MN, USA).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters including the exact value of n, the definition of center, dispersion and precision measures (Mean ± SE) and statistical significance are reported in the Figures and Figure Legends . For each statistical tests, unpaired Student's t test was used for Figures 4D, 4F, 4G , 4H, 4I, 6C, 6D, 6F, 7D, 7E, and 7F. Paired Student's t test was used for Figures 4E, 7A, 7F , and 7G. One-way ANOVA was used for Figures 4B and 6H with Bonferroni correction. One way ANOVA was used for Figures 7B, 7C, 7F , 7H, and 7I with Dunnett's correction. Two-way ANOVA was used in Figures 7G and 7I . In figures, asterisks denote statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001. Statistical analysis was performed in GraphPad PRISM 3.
